1. Introduction {#sec1-pharmaceuticals-11-00044}
===============

Drug repurposing, also known as drug repositioning or drug reprofiling, is an increasing tendency in drug discovery. This means finding new therapeutic applications for existing drugs and this, alongside synthesis and natural products, is one of the main approaches to finding small molecule leads for new therapeutic applications. Recently, there has been an increase in interest in drug repurposing, especially in new combination therapies, or in diseases with an unmet clinical need, such as orphan and neglected diseases. The advantage is the decreased need for investment in drug discovery and optimization, as well as in safety and pharmacokinetic studies, since the profiles of the repurposed drugs are already established. The repurposing of old drugs can be identified by serendipity, observations of side effects, target searching, or novel insights, and they can act either by the same mechanism of action as their traditional use or by new mechanisms \[[@B1-pharmaceuticals-11-00044],[@B2-pharmaceuticals-11-00044],[@B3-pharmaceuticals-11-00044]\].

One of the most used strategies for drug repositioning is the *in silico* screening of compound libraries in new targets \[[@B2-pharmaceuticals-11-00044]\]. One remarkable example of drug repurposing is the drug thalidomide. First used as an over-the-counter antiemetic for the treatment of pregnancy-associated morning sickness, it was quickly withdrawn after reports of teratogenicity and dysmyelia. However, in 1998, the Food and Drug Administration (FDA) approved thalidomide for the treatment of cutaneous manifestations of erythema nodosum leprosum. In 2006, thalidomide was approved for the treatment of myeloma, due to its antiangiogenic properties \[[@B4-pharmaceuticals-11-00044]\]. This example proves how important drug repurposing can be in drug discovery. However, many other examples of old drugs with new uses have been described \[[@B5-pharmaceuticals-11-00044],[@B6-pharmaceuticals-11-00044]\].

Neurodegenerative diseases (NDs) are age-dependent disorders, with very different pathophysiologies and a lack of understanding of the causes and mechanisms of these diseases, which leads to a lack of treatment. As the global population is increasingly becoming older, so is the prevalence of these diseases that impair the memory, cognition and movement \[[@B7-pharmaceuticals-11-00044],[@B8-pharmaceuticals-11-00044]\]. The need for treatment for NDs is urgent, since the World Health Organization (WHO) predicts that in 20 years, NDs that mainly affect motor functions will overtake cancer to become the second-most prevalent cause of death, after cardiovascular diseases \[[@B9-pharmaceuticals-11-00044],[@B10-pharmaceuticals-11-00044]\].

With the growing need for treatment for NDs, and the promise that drug repurposing poses, it makes sense that existing drugs are being tested for these diseases. This review comprises drugs that have been repurposed for Alzheimer's diseases (AD), Parkinson's disease (PD), Huntington's disease (HD), multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS), the most studied neurodegenerative diseases ([Figure 1](#pharmaceuticals-11-00044-f001){ref-type="fig"}).

Although there have been some reviews concerning the topic of drug repurposing with examples in NDs \[[@B11-pharmaceuticals-11-00044],[@B12-pharmaceuticals-11-00044],[@B13-pharmaceuticals-11-00044]\], there is still no comprehensive review covering this topic for these diseases all together, allowing a broader vision and a better understanding of how these diseases could be related to each other.

2. Alzheimer's Disease {#sec2-pharmaceuticals-11-00044}
======================

AD is one of the leading NDs, responsible for 80% of dementia cases in elderly people. Its symptoms are the progressive loss of memory, inability to learn, and decline in behaviour and function. The cause for AD is not yet fully understood, but it is believed that it has to do with the deposition of amyloid plaques in the brain, ultimately leading to neuronal and synaptic loss \[[@B14-pharmaceuticals-11-00044],[@B15-pharmaceuticals-11-00044],[@B16-pharmaceuticals-11-00044]\].

Currently, there is no known cure for AD, and the drugs used within the scope of this disease are mainly to treat the cognitive manifestations or other symptoms and function better when administered at an early stage \[[@B14-pharmaceuticals-11-00044]\]. Curiously, one of the drugs that is marketed for the treatment of AD, galantamine (**1**, [Figure 2](#pharmaceuticals-11-00044-f002){ref-type="fig"}), was itself repurposed. In fact, this alkaloid, present in *Galanthus* sp., aroused interest when it was found that it could inhibit muscle acetylcholinesterase, being a good candidate for treating myopathies and peripheral neuropathies, and for the reversal of neuromuscular blockade after anaesthesia, due to the capability of galantamine (**1**) to enhance nerve impulse transmission. As it has a tertiary ammonium base, galantamine (**1**) can easily penetrate the blood-brain barrier and inhibit brain acetylcholinesterase, which makes it particularly interesting \[[@B17-pharmaceuticals-11-00044],[@B18-pharmaceuticals-11-00044]\]. In the 1980s, the therapeutic effects of galantamine started being studied for the treatment of AD, and its introduction in the anti-Alzheimer's armamentarium was made in the year 2000; it still remains one of the most used drugs for delaying the appearance of severe symptoms in patients suffering from AD \[[@B18-pharmaceuticals-11-00044]\].

Studies have been performed in order to check whether cancer drugs can be repurposed for the treatment of AD. The rationale behind this idea comes from the fact that cancer and neurodegeneration can share signalling pathways, such as mitochondrial dysfunction, oxidative stress, compromised cell metabolism and development of misfolded proteins. It has been described that breast cancer survivors treated with chemotherapy also display a lower risk of developing AD in their old age when compared to a control group \[[@B19-pharmaceuticals-11-00044]\]. Carmustine (**2**) is a nitrosurea, used as an alkylating agent in brain cancer. It is a small, lipophilic and non-ionized molecule, which makes it capable of penetrating the blood-brain barrier \[[@B20-pharmaceuticals-11-00044]\]. In cells overexpressing amyloid-β protein precursor, carmustine (**2**) showed a strong reduction in amyloid-β production, at a non-toxic dose \[[@B21-pharmaceuticals-11-00044]\]. Bexarotene (**3**), a retinoid X receptor antagonist, used to treat cutaneous T-cell lymphomas, has proven to be capable of reversing neurodegeneration, improve cognition and decreasing the levels of amyloid-β in mice overexpressing familial AD mutations \[[@B22-pharmaceuticals-11-00044]\]. Tamibarotene (**4**), a retinoic acid receptor agonist, approved in Japan for the treatment of acute promyelocytic leukaemia, is able to act on multiple pathways related to the pathophysiology of AD, such as reducing the secretion of proinflammatory cytokines and chemokines by brain cells, improving the behaviour in mice with accelerated senescence and decreasing cortical acetylcholine \[[@B23-pharmaceuticals-11-00044]\]. Imatinib (**5**), a tyrosine kinase inhibitor approved for the treatment of chronic myelogenous leukaemia and other tumours, has been suggested to be useful for the therapy of AD by two mechanisms: the reduction of amyloid-β and neuroprotection. However, imatinib (**5**) presents the problem of low blood-brain barrier penetration, and it is readily effluxed by P-glycoprotein (P-gp) \[[@B24-pharmaceuticals-11-00044]\]. Paclitaxel (**6**), an antimitotic agent approved for ovarian and breast cancer, and non-small cell lung cancer, among others, has also been studied as a potential treatment for AD. It is particularly efficient in the treatment of tauopathies, which are defects in the tau protein, which is abundant in cells of the central nervous system and has the function of stabilizing the microtubules. When this protein is phosphorylated, its ability to bind to microtubules is decreased and, therefore, fibrillization is enhanced. Paclitaxel (**6**) reduces this phosphorylation. However, paclitaxel (**6**) has a problem similar to imatinib (**5**): it can be a substrate for P-gp and penetrates the central nervous system poorly \[[@B25-pharmaceuticals-11-00044],[@B26-pharmaceuticals-11-00044]\]. Another anticancer drug with potential anti-AD properties is thalidomide (**7**), which has demonstrated inhibition of endothelial cell proliferation, angiogenesis and breakdown of the blood-brain barrier. It was also able to reduce hippocampal neuronal loss through the inhibition of the tumour necrosis factor-α \[[@B11-pharmaceuticals-11-00044],[@B27-pharmaceuticals-11-00044]\].

Antimicrobials have also been studied for their potential suitability to treat AD and their symptoms. Both azithromycin (**8**) and erythromycin (**9**), macrolide antibiotics, have shown inhibition of the amyloid precursor protein, resulting in the decrease of cerebral levels of amyloid-β. Tetracyclines have also been proven to reduce the formation of amyloid-β, as well as its resistance to trypsin digestion and an increase in the disassembly of preformed fibrils. They also decreased oxidative stress, suggesting a varied mechanism of action \[[@B28-pharmaceuticals-11-00044]\]. Doxycycline (**10**) has shown potential in this respect, both alone and in combination with rifampicin (**11**) \[[@B29-pharmaceuticals-11-00044],[@B30-pharmaceuticals-11-00044],[@B31-pharmaceuticals-11-00044]\]. Rifampicin (**11**), most frequently prescribed for *Mycobacterium* infections, has shown effects in the reduction of amyloid-β fibrils, in a dose-dependent manner, probably due to the decreased production and increased clearance of amyloid-β \[[@B32-pharmaceuticals-11-00044]\]. Dapsone (**12**) is an antibiotic used to treat leprosy, and also received attention in the 1990s, when a decreased incidence of dementia was noticed in leprosy patients that had been treated with dapsone (**12**). Conflicting data about whether or not dapsone (**12**) was capable of decreasing senile plaques \[[@B33-pharmaceuticals-11-00044],[@B34-pharmaceuticals-11-00044]\] led to the hypothesis that this event could be a protective factor against amyloid deposition. This hypothesis was further corroborated by studies that showed similar instances of AD in leprosy and tuberculosis patients, in spite of the differences in the percentage of patients that have undergone drug treatments in the two groups \[[@B35-pharmaceuticals-11-00044],[@B36-pharmaceuticals-11-00044]\]. The antiviral drugs acyclovir (**13**), penciclovir (**14**) and foscarnet (**15**) have been successful in reducing phosphorylated tau protein and amyloid-β in AD cell models, which can mean they are suitable for the treatment of AD \[[@B37-pharmaceuticals-11-00044]\]. Amphotericin B (**16**), an antifungal, has been shown to cause a delay in the formation of amyloid-β \[[@B38-pharmaceuticals-11-00044]\]. However, a more recent study did not reach the same results \[[@B39-pharmaceuticals-11-00044]\], and the toxicity associated with amphotericin B (**16**) would not make it a suitable candidate for the treatment of AD. Clioquinol (**17**) is an antifungal and antiparasitic drug that has been shown to cause a reduction in the amyloid-β plaques in the brain, with good tolerability in transgenic mice \[[@B40-pharmaceuticals-11-00044]\].

The antiepileptic drug valproic acid (**18**) has been suggested as a neuroprotective agent for AD, as it has shown reduced formation of amyloid-β plaques and improvement in memory deficits in transgenic mice. The proposed mechanism of action was shown to be complex, but it might be through the inhibition of proinflammatory cytokine production and the enhancement of microglial phagocytosis of amyloid-β \[[@B41-pharmaceuticals-11-00044],[@B42-pharmaceuticals-11-00044],[@B43-pharmaceuticals-11-00044],[@B44-pharmaceuticals-11-00044]\].

Valsartan (**19**) is an angiotensin receptor blocker, and is used as an antihypertensive. The rationale behind the use of this class of drugs for AD comes from the fact that chronic adverse stress, one of the major environmental causes for the onset and progression of AD, is capable of causing elevations in brain angiotensin II, which act at AT~1~ and AT~2~ receptor subtypes. Furthermore, angiotensin II increases have been suggested to be linked with amyloidogenesis, and the use of angiotensin receptor blockers, blocking AT~1~, appears to be useful in delaying decline in cognitive processing. Apart from this mechanism of action, valsartan (**19**) also inhibits inflammation, vasoconstriction and mitochondrial dysfunction, and promotes the release of acetylcholine \[[@B45-pharmaceuticals-11-00044],[@B46-pharmaceuticals-11-00044]\]. Reduced amyloid-β has been reported with in vitro and in vivo treatment of valsartan (**19**), and this evidence suggests a reduction of dementia. Additionally, this drug has good brain penetration, but further studies are required before this drug can be included in the therapy of AD \[[@B47-pharmaceuticals-11-00044],[@B48-pharmaceuticals-11-00044],[@B49-pharmaceuticals-11-00044]\]. Calcium channel blockers are drugs used to treat hypertension and angina. The dihydropyridine calcium channel blockers, such as nilvadipine (**20**), can reduce the production, oligomerization and accumulation of amyloid-β in vitro, improve cell survival and reduce neurotoxicity, while having good blood-brain barrier penetration and increasing brain blood flow through its vasodilatory properties \[[@B50-pharmaceuticals-11-00044],[@B51-pharmaceuticals-11-00044],[@B52-pharmaceuticals-11-00044]\].

Trimetazidine (**21**) is an anti-ischemic drug of the piperazine class. Its mechanism of action is diverse, ranging from increasing nitric oxide production, inhibiting cell apoptosis and being an antioxidant, which increases endothelial function \[[@B53-pharmaceuticals-11-00044]\]. Apart from being able to pass through the blood-brain barrier, it can reduce the produce of free radicals, due to its antioxidant properties. It can also improve axonal regeneration and effective myelination in healthy and injured nerves \[[@B54-pharmaceuticals-11-00044]\].

Antidiabetics have also been repurposed for AD, since type 2 diabetes has been identified as a risk factor for AD. Studies have reported a desensitization of insulin signalling in the brains of AD patients. Insulin can also induce neuronal stem cell activation and cell growth and repair, and treatment with insulin has shown neuroprotection and a regulation on the levels of phosphorylated tau protein, as well as an improvement in memory and cognition \[[@B55-pharmaceuticals-11-00044],[@B56-pharmaceuticals-11-00044],[@B57-pharmaceuticals-11-00044]\]. Given this, compounds that influence insulin release can also be useful for AD. Glucagon-like peptide 1 analogues, which promote insulin secretion, may also act in many pathways related to AD, such as the reduction of amyloid-β and the impairment of neuronal function and cell death, as well as tau phosphorylation \[[@B58-pharmaceuticals-11-00044],[@B59-pharmaceuticals-11-00044]\]. Liraglutide (**22**) meets these criteria, has established brain penetration and shows physiological effects in the brain, improving learning, and reducing amyloid-β formation and brain inflammation \[[@B60-pharmaceuticals-11-00044],[@B61-pharmaceuticals-11-00044]\].

Ghrelin (**23**) is a peptide hormone produced in the gastrointestinal tract that regulates appetite also functioning as a neuropeptide in the central nervous system. It has been demonstrated that ghrelin (**23**), as well as its deacylated form, is capable of inhibiting apoptosis and mitigating the increase of amyloid-β-induced inflammatory interleukins, and manifested neuroprotective effects. It has been hypothesized that when microglia, the first line of immune defence in the brain, interacts with amyloid-β plaques, an inflammatory reaction is initiated. In ND, microglia are overactivated, leading to neuron dysfunction and death. Hexarelin (**24**) and its derivative EP80317 (**25**), synthetic hexapeptides used as a growth hormone stimulant, were able to increase the proliferation of hippocampal progenitor cells in adult rats and protected these cells from necrosis and apoptosis derived from growth-factor withdrawal \[[@B62-pharmaceuticals-11-00044],[@B63-pharmaceuticals-11-00044],[@B64-pharmaceuticals-11-00044]\].

Retinoid receptor activators are used to treat skin conditions, such as acne and psoriasis. Retinoic acid itself is vital for nerve function and repair, and decreases in this compound's signalling might contribute to AD \[[@B65-pharmaceuticals-11-00044],[@B66-pharmaceuticals-11-00044],[@B67-pharmaceuticals-11-00044]\]. Studies with acitretin (**25**) have shown upregulation of amyloid-clearing enzymes, as well as antioxidant regulation \[[@B68-pharmaceuticals-11-00044]\].

Zileuton (**26**), an antiasthma drug that acts through the blockage of 5-lipooxygenase, was postulated to have beneficial effects in AD. This comes from the discovery that 5-lipooxygenase is higher in AD patients, making it a promising target within this scope. In fact, studies with zileuton (**26**) in mice showed a reduction in the deposition of amyloid-β \[[@B69-pharmaceuticals-11-00044]\].

Sildenafil (**27**) and tadalafil (**28**), erectile dysfunction drugs, are inhibitors of phosphodiesterase-5, which is a cGMP controller, which in turn has been linked with AD. cGMP has a detrimental role in controlling learning, memory and neuroplasticity, and may have a positive role in regulating memory impairments resulting from amyloid-β. Sildenafil (**27**) was successful in inhibiting neuroinflammation and was able to lower amyloid-β in aged mice models \[[@B70-pharmaceuticals-11-00044]\]. Tadalafil (**28**) also displayed cognition enhancement and neuroprotection, while penetrating the blood-brain barrier in concentrations high enough to inhibit phosphodiesterase-5 more effectively than **27** \[[@B71-pharmaceuticals-11-00044]\].

Recently, trazodone (**29**), an antidepressant, has shown potential in repressing signalling through the PERK/eIF2α-P branch of the unfolded protein response, which plays a detrimental role in controlling protein synthesis in cells and is overactivated in patients with AD. Trazodone (**29**) was successful in reversing eIF2α-P translational attenuation in in vitro and in vivo studies. Furthermore, it displayed neuroprotection, restoration of memory and prevented neurodegeneration \[[@B72-pharmaceuticals-11-00044]\].

3. Parkinson's Disease {#sec3-pharmaceuticals-11-00044}
======================

PD is the second-most common ND after AD, and affects populations worldwide. PD is most known for its motor symptoms, which are thought to arise primarily from the loss of dopaminergic neurons within the *substantia nigra*, although other neurotransmitter systems also appear to be affected \[[@B73-pharmaceuticals-11-00044]\]. It is now known that PD comprises several non-motor related symptoms, such as cognitive impairment, sleep disorders and depression. Even though PD has no cure, the current available treatments are efficacious and keep the disease managed, consisting of dopamine substitution and deep brain stimulation \[[@B74-pharmaceuticals-11-00044]\].

Similar to AD, there is also a drug in the antiparkinsonian arsenal that was itself repurposed: amantadine (**30**, [Figure 3](#pharmaceuticals-11-00044-f003){ref-type="fig"}). In fact, amantadine (**30**) was first developed to treat influenza, and was only later directed towards the treatment of PD as a weak glutamate receptor antagonist, increasing dopamine and blocking its reuptake \[[@B12-pharmaceuticals-11-00044]\].

Nilotinib (**31**) is a tyrosine kinase Abl inhibitor that is used for the treatment of chronic myeloid leukaemia. It was observed that Abl is activated in neurodegeneration through the increase in α-synuclein expression and, therefore, its accumulation. Since nilotinib (**31**) inhibits Abl phosphorylation, it increases α-synuclein degradation \[[@B75-pharmaceuticals-11-00044],[@B76-pharmaceuticals-11-00044]\].

The antibiotic doxycycline (**10**, [Figure 2](#pharmaceuticals-11-00044-f002){ref-type="fig"}), previously discussed as a potential anti-AD candidate, has also been studied for its anti-PD effects. In fact, changes in the concentration of doxycycline (**10**) can select between antimicrobial and anti-inflammatory activity. Studies have shown that lower doses than that used for antibiotic purposes do not change bacteria susceptibility, but display anti-inflammatory activity, which is connected to its neuroprotective effects. Other mechanisms that contribute to neuroprotection are doxycycline's (**10**) antioxidant activity and the ability to remodel early species of α-synuclein oligomers into non-toxic and non-seeding species. Furthermore, doxycycline (**10**) has only been reported to bind to oligomeric species of α-synuclein; the physiological monomeric forms are preserved \[[@B77-pharmaceuticals-11-00044]\].

Zonisamide (**32**) is a sulphonamide antiepileptic drug, with a mixed mechanism of action, which makes it appropriate for use in different disorders. These mechanisms of action include the blockage of sodium and calcium channels, modulation of the GABA~A~ receptor, inhibition of carbonic anhydrase and inhibition of glutamate release. Studies with rats have shown an increase in dopamine in the striatum when therapeutic doses were used. On the other hand, when higher doses were used, a decrease in intracellular dopamine was observed. Concerning PD, this drug has displayed good activity in both motor and non-motor symptoms, but the mechanism of action is still unclear \[[@B78-pharmaceuticals-11-00044]\]. Zonisamide (**32**) is also a monoamine oxidase-B inhibitor. This enzyme, mostly present in astrocytes, is responsible for the degradation of dopamine in neural and glial cells, which ultimately leads to the generation of free radicals, which can play a determinant role in the pathogenesis of PD. Its inhibition makes dopamine levels in the synaptic cleft stable and increases the effect of dopamine \[[@B79-pharmaceuticals-11-00044],[@B80-pharmaceuticals-11-00044]\]. Another example of a monoamine oxidase-B inhibitor is the antiparkinsonian drug selegiline (**33**), which increases the activation of astrocytes after striatal injury \[[@B81-pharmaceuticals-11-00044],[@B82-pharmaceuticals-11-00044]\].

Methylphenidate (**34**) is a central nervous system stimulant that acts through the blockage of the presynaptic dopamine transporter and the noradrenaline transporter, thus inhibiting dopamine and noradrenaline reuptake, in the striatum and the prefrontal cortex. It has been used to treat attention-deficit hyperactivity disorder. Multiple studies with this drug have shown that **34** is effective in reducing gait disorders of PD, as well as non-motor symptoms \[[@B83-pharmaceuticals-11-00044]\].

Exenatide (**35**) is glucagon-like peptide-1 used for the treatment of type 2 diabetes, like liraglutide, discussed previously. It has been studied as a treatment for PD, and has shown neuroprotection and beneficial neuroplastic change that can delay or prevent disease progression. It can cross the blood-brain barrier, and exerts its neuroprotection through the activation of GLP-1 receptors \[[@B84-pharmaceuticals-11-00044],[@B85-pharmaceuticals-11-00044],[@B86-pharmaceuticals-11-00044]\]. Positive reports in the treatment of AD have also been stated for exenatide (**35**) \[[@B87-pharmaceuticals-11-00044]\]. Liraglutide (**22**), discussed previously, is currently undergoing phase II clinical trials, with outcomes expected in 2019 (clinicaltrials.gov, ID: NCT02953665).

Antiasthma drugs, namely β2-adrenoreceptor agonists, have been studied for their anti-PD activity. Recent findings have linked the β2-adrenoreceptor with the regulation of the α-synuclein gene *SNCA*. More specifically, β2-adrenoreceptor activation was shown to display neuroprotection. From the drugs tested, three anti-asthmatics were the most promising, with salbutamol (**36**) being the one capable of penetrating the blood-brain barrier and currently approved for treatment. The study undertaken showed that all three drugs were able to reduce the *SNCA*-mRNA and α-synuclein abundance \[[@B88-pharmaceuticals-11-00044]\].

4. Huntington's Disease {#sec4-pharmaceuticals-11-00044}
=======================

HD is an autosomal dominant disease, and the most common monogenical neurological disease in the developed world. It is characterized by involuntary choreatic movements, behavioural and psychiatric disorders, and dementia. It occurs through a genetic mutation that originates a mutant form of the multifunctional protein huntingtin, which originates toxicity and leads to neuronal death and dysfunction. HD starts to manifest itself in adult life, and the symptoms progress until it leads to death within years. There is no known treatment for this disease, so the only option is the management of the symptoms \[[@B89-pharmaceuticals-11-00044],[@B90-pharmaceuticals-11-00044]\].

Tetrabenazine (**37**, [Figure 4](#pharmaceuticals-11-00044-f004){ref-type="fig"}) was first developed as part of research aiming to design simple compounds with reserpine-like antipsychotic activity, acting as a high-affinity, reversible inhibitor of monoamine uptake of presynaptic neurons, and as a weak blocker of the D~2~ dopamine postsynaptic neurons. Antipsychotic studies with this compound were equivocal, and this drug was then repurposed for diseases that manifest themselves by abnormal, involuntary hyperkinetic movements, such as HD. Furthermore, tetrabenazine (**37**) is safer to use in HD than dopamine receptor blocker, since it has never been documented to cause dyskinetic symptoms \[[@B91-pharmaceuticals-11-00044]\]. Given this, other drugs with dopamine antagonistic activity have been tested for the treatment of HD. This is the case of tiapride (**38**), a D~2~ receptor antagonist, used as an antipsychotic. However, in Europe, selegiline (**33**) is a frequent choice for the treatment of Huntington's chorea \[[@B92-pharmaceuticals-11-00044]\]. Clozapine (**39**) is a neuroleptic drug used in the treatment of schizophrenia. It displays a high affinity for the dopamine D~1~ and D~4~ receptors, with low antagonistic activity for the D~2~ dopaminergic receptors. Due to its low incidence of extrapyramidal side effects, it was suggested to be a good symptomatic drug for chorea, although clinical trials showed conflicting results \[[@B93-pharmaceuticals-11-00044]\]. Olanzapine (**40**), another antipsychotic drug, is also widely prescribed for the treatment of the motor and behavioural symptoms of HD. This drug has high affinity for serotoninergic receptor, but antagonizes dopamine D~2~ receptors. It is also safe and well tolerated, and can be recommended when irritability, sleep dysfunction and weight loss are present, as well as chorea \[[@B94-pharmaceuticals-11-00044],[@B95-pharmaceuticals-11-00044]\]. The antipsychotic risperidone (**41**), used in the treatment of schizophrenia and bipolar disorder, acts as a D~2~ receptor antagonist and a serotonin agonist, and therefore can be used for the treatment of HD chorea, as well. It showed beneficial effects on stabilizing motor decline and psychiatric symptoms \[[@B96-pharmaceuticals-11-00044]\]. The atypical antipsychotic quetiapine (**42**) shows high affinity to serotonin and dopamine receptors. Although not many cases of the use of quetiapine have been described for the treatment of HD symptoms, the few described highlight its usefulness for the treatment of chorea, especially when accompanied by psychiatric symptoms \[[@B97-pharmaceuticals-11-00044]\].

Memantine (**43**) is an adamantane derivative used for the treatment of AD. It is a non-competitive *N*-methyl-[d]{.smallcaps}-aspartate (NMDA) inhibitor. Excessive stimulation of NMDA receptor causes a great influx of calcium into the cell, which ultimately leads to cell death. Therefore, memantine (**43**) can prevent this calcium influx in neuronal cells, and prevent cerebral cell death. Memantine (**43**) was studied for its efficacy in the treatment of HD, and it was noticed that it was able to decrease the vulnerability of neurons to glutamate-mediated excitotoxicity \[[@B98-pharmaceuticals-11-00044],[@B99-pharmaceuticals-11-00044]\].

5. Multiple Sclerosis {#sec5-pharmaceuticals-11-00044}
=====================

MS is an autoimmune disease of the central nervous system. It is a chronic, inflammatory condition, where the myelin and the axons are destroyed in varying degrees. Its course is unpredictable, and is initially characterized by reversible neurological deficits, which over time become progressive. There is no cure for MS, but there are already therapies approved to reduce the symptoms and progression of the disease \[[@B100-pharmaceuticals-11-00044],[@B101-pharmaceuticals-11-00044]\].

Wide arrays of anticancer drugs have been repurposed for the treatment of MS and its symptoms. This is the case of the synthetic compounds mitoxantrone (**44**, [Figure 5](#pharmaceuticals-11-00044-f005){ref-type="fig"}), an anthracenedione, established as a wide-spectrum antitumor agent used to treat breast and prostate cancer, acute leukaemia and lymphoma \[[@B102-pharmaceuticals-11-00044]\]. Mitoxantrone (**44**) has also been approved for the treatment of MS, particularly due to its immunosuppressant properties, associated with erratic responses of the central nervous system T- and B-cells to antigens, myelin damage mediated by macrophages, and axonal injuries. Mitoxantrone (**44**) is capable of inhibiting the activation of T-cells, stopping the proliferation of T- and B-cells, lowering antibody production and deactivating macrophages. Mitoxantrone (**44**) also displayed high tolerability \[[@B103-pharmaceuticals-11-00044]\]. The alkylating agent cyclophosphamide (**45**) is used to treat a variety of solid tumours, and is approved for the treatment of leukaemia, lymphomas, and breast carcinoma, among others. It is related to nitrogen mustards and binds to DNA, interfering with mitosis and cell replication, targeting mostly rapidly dividing cells. Its use in MS comes from cyclophosphamide (**45**) being able to play an immunosuppressive and immunomodulatory role. Explicitly, it acts in T- and B-cells, supressing cell-mediated and humoral immunity. It has also been shown that cyclophosphamide (**45**) can decrease the secretion of the pro-inflammatory T helper 1 cytokine interferon-γ and interleukin-12, while increasing the secretion of anti-inflammatory cytokines in the brain and blood. It also alters T-lymphocytes into a less inflammatory phenotype. Cyclophosphamide (**45**) can also permeate the blood-brain barrier, having a good bioavailability in the central nervous system, being able to exert its immunomodulation and immunosuppression, thus stabilizing and preventing the progression of the disease \[[@B104-pharmaceuticals-11-00044]\]. Cladribine (**46**), an antimetabolite, is used to treat hairy cell leukaemia and other hematologic cancers. It is a deoxyadenosine analogue that requires intracellular phosphorylation into a triphosphate in order to become active, which leads to cell death. This drug had been repurposed for the treatment of MS, but was rejected in 2013. Recently, in 2017, cladribine (**46**) was authorized to be marketed as a treatment for this disease by the European Medicines Agency. Its mechanism of action is related to the decrease in circulating B- and T-lymphocytes. Additional mechanisms have been suggested, which is the induction of interferon-α producing myeloid dendritic cells, and the interference with the synaptic effects of interleukin-1β, leading to the conclusion that cladribine (**46**) can also display neuroprotective properties \[[@B105-pharmaceuticals-11-00044],[@B106-pharmaceuticals-11-00044]\].

Amiloride (**47**) is a diuretic drug used to treat hypertension and swelling caused by heart failure or liver diseases. It has been studied for its neuroprotective properties in MS. Amiloride can block the neuronal proton-gated acid-sensing ion channel 1 (ASIC1), which is overexpressed in axons and oligodendrocytes in MS lesions, thus exerting its neuroprotective and myeloprotective effects. Furthermore, the fact that amiloride's protective effect happens downstream of inflammation constitutes an advantage, since it makes it active even on the onset of inflammation \[[@B107-pharmaceuticals-11-00044]\].

The drug ibudilast (**48**) was approved in some countries for the treatment of bronchial asthma and cerebrovascular disorders. It acts through the inhibition of phosphodiesterases, which are known for their anti-inflammatory effects, but can also inhibit leukotriene and nitric oxide synthesis mechanisms, which are connected to MS. In the brain, ibudilast (**48**) can inhibit the release of the tumour necrosis factor from the microglia and the astrocytes, decreasing neuronal degeneration. Furthermore, it can protect astrocytes from apoptosis and inhibit oligodendrocyte apoptosis and demyelination, hence its usefulness in MS. Studies have shown its safety and tolerability, while reducing the rate of brain atrophy at a high dose \[[@B108-pharmaceuticals-11-00044]\].

6. Amyotrophic Lateral Sclerosis {#sec6-pharmaceuticals-11-00044}
================================

ALS is a disease characterized by the death of upper and lower motor neurons, which control voluntary muscles. It leads to muscle atrophy, where muscles gradually become weaker, decreasing in size. Other symptoms are muscle stiffness and twitching, and difficulties in breathing, swallowing and speaking. The causes of ALS are of unknown aetiology in most cases, with about 10% being of genetic inheritance \[[@B109-pharmaceuticals-11-00044]\].

Although some drugs are currently being investigated for their use in the treatment of ALS, only two drugs, riluzole and edaravone, are currently available to delay the progression of the disease, although they cannot revert the symptoms once they have manifested \[[@B110-pharmaceuticals-11-00044],[@B111-pharmaceuticals-11-00044]\].

Masitinib (**49**, [Figure 6](#pharmaceuticals-11-00044-f006){ref-type="fig"}) is a tyrosine kinase inhibitor used to treat cancer in dogs. Its use in ALS resides in the fact that abnormal glial cells that proliferate in ALS might be sensitive to tyrosine kinase inhibitors. It was proven that mastinib (**49**) inhibited glial cell activation in the appropriate rat model and increased survival \[[@B112-pharmaceuticals-11-00044]\].

Ibudilast (**48**, [Figure 5](#pharmaceuticals-11-00044-f005){ref-type="fig"}), previously discussed, is also being studied for the treatment of ALS, due to its neuroprotective properties \[[@B13-pharmaceuticals-11-00044]\].

An antiretroviral, Triumeq^®^, used as an anti-HIV therapy, was studied for the treatment of ALS, based on the fact that ALS patients present serum concentrations of reverse transcriptase comparable to HIV-infected patients, and the expression of a human endogenous retrovirus was noticed in the brain of ALS victims. Taking this into account, anti-HIV drugs can be helpful for ALS. Triumeq ^®^ is a combination of dolutegravir (**50**), an integrase inhibitor, abacavir (**51**) and lamivudine (**52**), antiretrovirals, and has shown safety and tolerability in ALS patients \[[@B13-pharmaceuticals-11-00044]\].

Retigabine (**53**) is an approved drug for epilepsy, and acts by binding to the voltage-gated potassium channels and increasing the M-current, thus leading to membrane hyperpolarization. Retigabine (**53**) is able to prolong motor neuron survival and decrease excitability, which is advantageous in the treatment of ALS, since it is believed that, in this disease, neurons are hyper-excitable, firing more than normal and ultimately leading to cell death. This drug is still under clinical trial for the treatment of ALS \[[@B13-pharmaceuticals-11-00044]\].

Tamoxifen (**54**) is an antioestrogen drug, approved for the chemotherapy and chemoprevention of breast cancer. The repurposing of this drug for the treatment of ALS arose serendipitously, after the observation of a neurological improvement in patients and disease stabilization in ALS patients with breast cancer treated with tamoxifen (**54**). Its neuroprotective properties have been described before, and appear to be related to inhibition of protein kinase C, which is overexpressed in the spinal cord of ALS patients. Moreover, tamoxifen (**54**) was found to be able to modulate a proteinopathy present in ALS, through its capacity to be an autophagy modulator \[[@B113-pharmaceuticals-11-00044],[@B114-pharmaceuticals-11-00044],[@B115-pharmaceuticals-11-00044]\].

All the compounds presented in this chapter have been under clinical trial for the treatment of ALS, once this disease has been getting a lot of attention in the last years.

7. Failed Repurposing {#sec7-pharmaceuticals-11-00044}
=====================

Although there have been many successful cases of drug repurposing, it is also true that many repositioning attempts have failed. A drug can appear promising at the computational studies level or in in vitro assays, but show no activity in vivo, leading to the abandonment of its study for new activities. This was the case for latrepirdine, an anti-histamine drug approved in Russia for the treatment of rhinitis associated with allergies, repurposing of which was attempted for AD and HD. Even though a mechanism of action had never been clearly established, it had been reported that it was able to modulate the activity of channels and neurotransmitters, blocking amyloid-β toxicity, among other things \[[@B116-pharmaceuticals-11-00044],[@B117-pharmaceuticals-11-00044]\]. The fact was that, while phase II studies showed improvement in AD patients over placebo, phase III studies failed to detect significant changes in the disease's progression \[[@B118-pharmaceuticals-11-00044]\]. The same happened in phase III studies for HD \[[@B119-pharmaceuticals-11-00044]\].

Simvastatin and atorvastatin, drugs used to treat hypercholesterolemia, have also been attempted to be repurposed for AD. The theory behind this came from the significant observation that AD and cardiovascular diseases often overlap. Studies had shown that, among other beneficial effects, statins could lower the levels of amyloid-β and increase neuroprotection. However, neither one of them proved to be helpful in the treatment of AD \[[@B120-pharmaceuticals-11-00044],[@B121-pharmaceuticals-11-00044]\].

Selective serotonin reuptake inhibitors, used as antidepressants, have also been through studies in order to assess their use in the treatment of AD. Nortriptyline and paroxetine initially demonstrated an improvement in cognitive functions, but further evaluations led to the conclusion that, even after these drugs had treated mood disorders, there was no improvement in cognitive behaviour \[[@B122-pharmaceuticals-11-00044]\].

The antimicrobial ceftriaxone appeared to be promising in phase II studies for the treatment of ALS, but also failed to show clinical efficacy in phase III studies \[[@B123-pharmaceuticals-11-00044]\].

Even cladribine was firstly dismissed as a repurposed treatment for MS, before being approved \[[@B105-pharmaceuticals-11-00044]\]. From these examples it can be inferred that, even though drug repurposing has been shown to be encouraging in the discovery of new treatments for ND, the path that leads to their approval can be problematical, and very often end up in abandonment of the repurposing attempts.

8. Conclusions {#sec8-pharmaceuticals-11-00044}
==============

Through the analysis of the data referred to above, it is clear that drug repurposing can constitute an interesting source of candidates to treat diseases other than those they were originally used for in therapeutics. It also represents an appealing choice, since the costs of repositioning a drug are substantially lower than the costs of designing and optimizing a new drug, as the safety and tolerability have already been established, making clinical studies more cost-effective, requiring smaller samples sizes and reducing the overall cost of the clinical development. With the development of techniques such as high-throughput screening and computational chemistry, old drugs can be tested for new targets easily and quickly, which also constitutes an advantage.

The neurodegenerative diseases presented herein are incurable, and significantly affect the patients' overall quality of life. The examples of drug repurposing have shown advantages mostly in symptom management and stopping the course of the disease. Unfortunately, a drug has yet to be found that can fully revert the mechanisms of neurodegeneration. However, several drugs presented in this review are already in phase II and phase III clinical trials, meaning that in a few years, the arsenal against neurodegenerative diseases will be much larger than it is today. Other compounds have been through clinical trials but failed to demonstrate efficacy, or displayed high toxicity, as highlighted in [Section 7](#sec7-pharmaceuticals-11-00044){ref-type="sec"}. However, these drugs should not be doomed to abandonment, and they should instead be regarded as a model starting point for the synthesis of new compounds, via molecular modifications and ligand-based design. Pairing this with the continuous progress towards the full understanding of the neuroscience behind psychiatric disorders, repurposing drugs for NDs are likely to be even more promising in the future.
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###### 

Structure of drugs **1**--**29** (\*) Preclinical Studies; (\*\*) Under clinical studies; (\*\*\*) Clinically approved.
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![Structure of drugs **30**--**36** (\*) Preclinical Studies; (\*\*) Under clinical studies; (\*\*\*) Clinically approved.](pharmaceuticals-11-00044-g003){#pharmaceuticals-11-00044-f003}

![Structure of drugs **37**--**43** (\*) Preclinical Studies; (\*\*) Under clinical studies; (\*\*\*) Clinically approved.](pharmaceuticals-11-00044-g004){#pharmaceuticals-11-00044-f004}

![Structure of drugs **44**--**48** (\*) Preclinical Studies; (\*\*) Under clinical studies; (\*\*\*) Clinically approved.](pharmaceuticals-11-00044-g005){#pharmaceuticals-11-00044-f005}

![Structure of drugs **49**--**54** (\*) Preclinical Studies; (\*\*) Under clinical studies; (\*\*\*) Clinically approved.](pharmaceuticals-11-00044-g006){#pharmaceuticals-11-00044-f006}
